The auditory steady-state response (ASSR) is an oscillatory brain activity evoked by repetitive auditory stimuli. Previous studies have reported that the power and phase locking index (PLI) of ASSR could be modulated by the degree of workload. However, those studies used different physical stimuli for tasks of differing difficulty, and the effect of the internal workload itself has not been clearly understood. In this study, we employed the modified N-back task as a visual working memory task in order to vary the degree of difficulty while keeping the physical stimulus constant. The experiment consisted of four types of tasks: No-Load (NL), 1-back, 2-back, and 3-back tasks. The auditory stimulus was a 40 Hz click sound to induce ASSR. Sixteen healthy subjects participated in the present study and magnetoencephalogram responses were recorded using a 148-channel magnetometer system. The hit rate decreased and the reaction time increased according to the task difficulty. Grand averaged phase coherence activities showed the 40 Hz ASSR reductions accompanying an increase in the task difficulty even with the identical external stimuli. In particular, the phase coherence activities in 3-back task were significantly lower than that in the NL and 1-back tasks. Our results suggest that the ASSR can be a useful indicator for the amount of workload in the brain.
Introduction
Mental workload, that is, the degree of workload in the brain is constantly changing in our daily life. Recent studies have shown the possibility that cognitive workload can be evaluated by using electroencephalography (EEG), and therefore, the evaluation of cognitive workload using brain activity is getting more attention. The method that is commonly used for evaluating the workload is by presenting task-irrelevant stimuli during the performance of the main task. The EEG study that employed a visuo-motor task with incrementally varied levels of difficulty showed that the amplitudes of some kinds of event related potentials (ERPs) caused by the taskirrelevant auditory stimuli were inversely related to task difficulty (Miller et al., 2011) .
Abbreviations: ASSR, auditory steady-state response; PLI, phase locking index; NL, no-Load; MEG, magnetoencephalogram; EEG, electroencephalography; ERP, event related potential; EMG, electromyogram; SNR, signal to noise ratio. Evaluation of the cognitive workload in real environments such as evaluation of the elderly patient's state for health, and the crisis response ability of the driver while driving the car, is highly informative. In general, ERPs can be extracted from the averaged EEG data over many epochs in an electrically shielded room and movement-restricted condition since ERPs are transient activities caused by a stimulus. However, in real environments recording, artifacts such as electrical noise generated from the surrounding electronics, and electromyogram (EMG) generated by the motion of the user are technical problems. Therefore, it is not easy to extract ERPs from EEG data in real environments because of these artifacts.
To solve this issue, we focused on the auditory steady-state response (ASSR), which is the oscillatory brain activity evoked by repetitive auditory stimuli. Since ASSR continues while a stimulus is presented, the signal to noise ratio of ASSR is commonly higher than ERPs. Moreover, the frequency spectrum of ASSR shows a fine peak for the frequency of repetitive stimuli, in contrast to the relative broad spectrum of EMG. This makes it easy to separate ASSR and EMG.
ASSR is known to be evoked most strongly by a 40 Hz auditory stimulus (Galambos et al., 1981; Ross et al., 2000) , and the source localizes in the primary auditory cortex (Engelien et al., 2000; Gutschalk et al., 1999; Herdman et al., 2002; Kuriki et al., 1995; Pantev et al., 1996; Weisz et al., 2004) . ASSR has been already used in auditory function research in psychiatric disorders and as the evaluation index for testing hearing sensitivity (Picton et al., 2003) . Another study reported enhancement of ASSR with attention to auditory stimuli (Tiitinen et al., 1993) . Moreover, recent studies have employed the ASSR to evaluate cognitive workload (Griskova et al., 2007 (Griskova et al., , 2009 Griskova-Bulanova et al., 2011; Roth et al., 2013) . These studies showed the possibility that ASSR is modulated by the workload; however, they used different physical stimuli for different workload conditions. Therefore, it is not clearly known whether the ASSR modulation is caused by the change in the cognitive mental workload or the change in the physical stimuli. If the modulation of ASSR is caused by cognitive workload change, ASSR can be a nice indicator to quantify the state of the mental workload. Additionally, previous studies compared the relationship between the workload and ASSR by using two types of difficulty. Therefore, it is unclear whether the ASSR is modulated gradually according to task difficulty.
In this study, we employed a modified N-back task in order to regulate the degree of difficulty within an identical visual stimulus. The N-back task is a continuous performance task that has been used in the study of short-term working memory (Owen et al., 2005) , where it is possible to change the degree of cognitive workload by adjusting the number of load factor N, keeping the identical physical feature of the visual stimuli. In this study, we investigated the ASSR modulation caused by N-back tasks by adjusting the number of load factor N using magnetoencephalography (MEG).
Materials and methods

Participants
Sixteen healthy subjects (8 men and 8 women; age range, 20-23 years) participated in our experiments. All participants had normal hearing and normal or corrected-to-normal vision. Participants signed informed written consents after the details of the procedure had been explained. All experimental procedures were approved by the ethical committee of National Institute of Information and Communications Technology. MEG data from one participant was excluded from further analysis owing to artifacts resulting from a metallic material in his/her mouth.
Experimental procedure
Experimental stimuli were visual stimuli for performing the N-back task and repetitive auditory stimuli for inducing the ASSR. The visual stimulus presentation was controlled by Visage (Cambridge Research System, Rochester, UK) and presented on a screen using LCD projector (Canon, X700, JPN, frame rate: 60 Hz) in a magnetically-shielded dark room. Participants observed the screen from a supine position on a bed. The auditory repetitive stimuli were 40 Hz click sounds (sampling rate: 8192 Hz), transmitted to the participant via plastic tubes (Aero Corporation, US, EAR TONE 3A-10). The 40 Hz click sound consisted of a pulse width of 10 ms that was repeated every 25 ms. The peak sound pressure level of the auditory stimuli was 60.5 dB for the right ear and 61 dB for the left ear.
The schematic illustration of the visual stimuli is shown in Fig. 1 . For 500 ms, "1" or "2" (50% for each) was randomly presented with randomly selected color (80% white and 20% red) in all experiments. A blank image with a fixation point was presented for 2000 ms between trials. One block consisted of four types of task: No-Load (NL), 1-back, 2-back, and 3-back tasks. In the NL task, participants Fig. 1 . Schematic representation of the experimental procedure: "1" or "2" (50% for each) was randomly presented for 500 ms with randomly selected color (80% white and 20% red) in all tasks. In the NL task, participants reported the number by pressing one of two buttons when the color of the stimulus is red. In the 1-, 2-, and 3-back tasks, participants performed N-back task and were asked to report whether the current number matches the one from N numbers earlier in the trials. reported the current number by pressing one of two buttons when the color of the stimulus was red. In the 1-, 2-, and 3-back tasks, participants performed the N-back task. They were asked to report whether the current number matches the one from N numbers earlier in the trials. The red colored number was not presented within five trials from the start of a task. The index or middle finger was used for button pressing, and the order of fingers was counterbalanced across participants. The experiment consisted of two blocks. Participants performed 100 trials of each task. The order of the task types was randomized in one block. After the first block, which consisted of a total of 400 trials, they performed the second block, which was constructed in the same way. The total number of the trials was 800 in the experiment. Auditory stimuli were presented to participants consistently while performing the tasks; however, they were instructed to ignore the auditory stimulus. All participants performed a practice test for about 20 min before the experiment.
MEG responses were measured using a 148-channel magnetometer system (BTi (4-D Neuroimaging), MAGNES2500WH, US), and sampled at 678.17 Hz. MEG data were recorded continuously during each task.
MEG data analyses
MEG analyses were performed using MATLAB (Mathworks, Inc., Natick, MA, USA). The MEG data were processed by a digital bandpass filter (Butterworth 1-50 Hz, 10th order), and then divided into 1000 ms epochs from the MEG. The epochs that corresponded to MEG data of the first five trials in each task were discarded. The epochs containing artifacts exceeding ± 2000 fT in amplitude were rejected.
Subsequently, Fourier analysis was performed for each epoch in order to calculate the frequency response. Previous study suggested that the power of the ASSR and phase locking index (PLI) of ASSR were modulated by change of workload (Griskova-Bulanova et al., 2011) . In this study, we calculated the power of the ASSR and PLI.
The power of the ASSR for each task was normalized by using the averaged power of the ASSR over all channels in the NL task for each participant. We defined this normalized power as the power ratio. Then, the grand-averaged power ratio over all the participants was divided into five regions (anterior, center, right, left, and posterior) defined by BTi (4-D Neuroimaging). A schematic illustration of the defined areas is shown in Fig. 2 .
The PLI of ASSR was particularly robust against environmental noise because our future prospect is to evaluate the workload used by ASSR in real environment. The PLI was defined by the following formula:
where, F k is the Fourier response to trial k, f is the frequency, ch is the channel number, and n is the number of trials. Previous studies defined the PLI, which is the index of inter-trial phase variability of each channel (Tallon-Baudry et al., 1996) . The PLI at 40 Hz was normalized by the average PLIs of 38 and 42 Hz per channel based on Roth's methods (Roth et al., 2013) . We defined the normalized PLI as the noise ratio (SNR) of the PLI. The SNR of the PLI (PLI SNR ) was defined by the following formula:
Then, the SNR of PLI from each MEG channel were grandaveraged over all participants, and the grand-averaged SNR of PLI from each MEG channel were divided into five regions shown in Fig. 2 .
Finally, we performed source analysis. The source activities were estimated using L2-minimum-norm inversion (Hämäläinen and Ilmoniemi, 1984; Hauk, 2004) . Participants' structural magnetic resonance imaging (MRI) data were obtained using a 1.5 T MRI scanner (Siemens, Vision, Germany). The gray matter boundaries were extracted from the MRI data using an automatic segmentation algorithm in the BrainVISA software to yield a triangulated model (Geffroy et al., 2011) , and the brain surfaces of approximately 5000 vertices were obtained using Brainstorm software (Tadel et al., 2011) . Then, we calculated the PLI of SNR in each vertex.
Statistical analyses
Repeated measures analysis of variance (ANOVA) was performed on the behavioral data, power ratio, and SNR of PLI. For correct rate and reaction time of button presses, one-way ANOVA was performed with the tasks (NL, 1-, 2-, and 3-back task) as the factor. For the power ratio and the SNR of PLI, two-way ANOVA was performed with the tasks (NL, 1-, 2-, and 3-back task) and the regions (anterior, center, right, left, and posterior) as the factors. p-values were corrected for nonsphericity using the Greenhouse-Geisser correction. In case of a significant interaction, simple main effects were tested using the Bonferroni correction.
Results
Behavioral measures
The grand-averaged correct rate and reaction time of NL task and N-back tasks are shown in Figs. 3 and 4 , respectively. The error bar represents standard error. The correct rate and reaction time of the NL task and N-back tasks were as follows: NL task, 99.5 ± 0.291%, 0.714 ± 0.0440 s; 1-back task, 88.7 ± 4.40%, 1.06 ± 0.0571 s; 2-back task, 72.6 ± 4.18%, 1.27 ± 0.0454 s; 3-back task, 70.9 ± 3.44%, 1.28 ± 0.0475 s.
The one-way ANOVA revealed significant differences in the correct rate [F (2.61, 14) = 23.20; p < 0.01] and reaction time [F (2.93, 14) = 89.01; p < 0.01] between the tasks. Subsequent tests revealed significant effects of the tasks in the correct rate, where NL task showed higher correct rate than 2-and 3-back task [t (14) = 6.34; p < 0.01, t (14) = 8.47; p < 0.01], and 1-back task showed Fig. 3 . Grand-averaged correct rate of button pressing in each task. Significant differences in correct rate were observed between the NL task and N-back tasks. Error bars indicate standard error. 6 . Grand-averaged power ratio measured in all channels. Error bars indicate standard error. The two-way ANOVA was performed for task difficulty (NL, 1-, 2-, and 3-back task) and regions (anterior, center, right, left, and posterior). As a result, a significant main effect was observed for task difficulty. However, subsequent tests revealed no significant effects of task difficulty.
higher correct rate than 2-and 3-back task [t (14) = 3.68; p < 0.01, t (14) = 4.09; p < 0.01]. Subsequent tests also revealed significant effects of the tasks in reaction time, with NL task showing faster reaction time than 1-, 2-, and 3-back task [t (14) = 8.88; p < 0.01, t (14) = 14.5; p < 0.01, t (14) = 13.8; p < 0.01], and 1-back task showing faster reaction time than 2-and 3-back task [t (14) = 5.22; p < 0.01, t (14) = 5.29; p < 0.01]. These results indicate that the N-back task successfully varied the task difficulty depending on the number of load factors N.
MEG analyses
Topographical maps of the grand-averaged power ratio for all tasks are shown in Fig. 5 . The averaged power ratio over all channels is shown in Fig. 6 . The error bar represents standard error. The averaged power ratios over all channels were as follows: NL task, 1.00 ± 0.00 (baseline); 1-back task, 0.968 ± 0.0209; 2-back task, 0.969 ± 0.0192; 3-back task, 0.945 ± 0.0219. Two-way ANOVA for the power ratio revealed a main effect of task difficulty [F (3, 14) = 3.40; p < 0.05], and regions [F (1.73, 14) = 85.4; p < 0.01]. However, no significant interaction was observed. Subsequent tests revealed no significant effects of the tasks. Tests revealed significant effects on regions, such that the activity on the right side elicited a higher power ratio than anterior, center, and occipital activity [t (14) = 8.23; p < 0.01, t (14) = 11.4; p < 0.01, t (14) = 9.21; p < 0.01]; left activity elicited a higher power ratio than the anterior, center, and occipital activity [t (14) = 12.1; p < 0.01, t (14) = 14.8; p < 0.01, t (14) = 13.1; p < 0.01]; anterior activity elicited a higher power ratio than center activity [t (14) = 9.64; p < 0.01]; and occipital activity elicited higher power ratio than center activity [t (14) = 6.03; p < 0.01].
Topographical maps in the grand-averaged SNR of PLI for all tasks are shown in Fig. 7 . The averaged SNR of PLI over all channels is shown in Fig. 8 . The error bar represents standard error. The averaged PLI and SNR of PLI over all channels were as follows: NL task, 0.266 ± 0.0280, 7.32 ± 0.793; 1-back task, 0.263 ± 0.0276, 6.92 ± 0.716; 2-back task, 0.257 ± 0.0289, 6.44 ± 0.670; 3-back task, 0.259 ± 0.0274, 6.26 ± 0.642. Two-way ANOVA of the SNR of PLI revealed a main effect of task difficulty [F (2.1, 14) = 7.24; p < 0.01], and regions [F (2.22, 14) = 26.23; p < 0.01]. However, no significant interaction was observed. Subsequent tests revealed significant effects of the tasks, where NL task elicited higher SNR than 2-and 3-back task [t (14) = 3.24; p < 0.05, t (14) = 3.11; p < 0.05], and 1-back task elicited higher SNR than 3-back task [t (14) = 2.76; p < 0.05]. In addition, tests revealed significant effects on regions, such that the right activity elicited higher SNR than anterior, center, left, and occipital activity [t (14) = 6.00; p < 0.01, t (14) = 6.57; p < 0.01, t (14) = 3.93; p < 0.01, t (14) = 4.73; p < 0.01], and left activity elicited higher SNR than anterior, center, and occipital activity [t (14) = 4.45; p < 0.01, t (14) = 4.59; p < 0.01, t (14) = 3.98; p < 0.01]. 8 . Grand-averaged signal-noise ratio of PLI measured in all channels. Error bars indicate standard error. The two-way ANOVA was performed with task difficulty (NL, 1-, 2-, and 3-back task) and regions (anterior, center, right, left, and posterior). As a result, a significant effect was observed for task difficulty.
A source domain map of the grand-averaged SNR of PLI for averaged all tasks is shown in Fig. 9 . The SNR of PLI was high in several regions including the auditory cortex.
Discussion
The present study measured brain activity using MEG in order to reveal the relationship between the workload modulation by N-back task and ASSR caused by task-irrelevant auditory stimuli. Figs. 2 and 3 show that the correct rate and reaction time were significantly changed according to the tasks. The NL task is very easy because the participants do not need memory processing in the task, and therefore, the correct rate was near to 100% and the reaction time was the highest. In the N-back tasks, since the participants have to store numbers in their memory depending on the number of load factor N, the correct rate was reduced and the reaction time was increased according to the number of the load factor N. The correct rate and the reaction time changed according to the cognitive workload, and therefore, these results suggest that we successfully modulated the cognitive workload by using the NL and N-back tasks. The NL task elicited higher ASSR power than N-back tasks, and the power ratio of the ASSR showed a significant main effect of task difficulty (Fig. 6 ). In addition, the SNR of the PLI of the ASSR was significantly modulated by the tasks (Fig. 8) .
This study revealed the association between the task-irrelevant ASSR that is evoked by repeated auditory stimuli and the cognitive workload using the NL and N-back tasks. Some previous studies using different experimental procedures also have shown similar results to our study. For example, Griskova et al. examined the relationship between workload and ASSR by using low and high-arousal conditions while presenting repetitive auditory stimuli (Griskova-Bulanova et al., 2011) . They reported that the ASSR was enhanced in low-activation conditions such as the resting state with eye-closed, and was reduced in the distraction conditions such as reading and the visual search task. Moreover, Roth et al. used a Tetris game as a visuospatial attention task, and reported that the difficult version of the Tetris task reduced the 40 Hz auditory cortical responses compared with the easy version (Roth et al., 2013) . One of the novelties of present study compared with these studies is that we employed the NL and N-back tasks in which stimulus feature presented to participants in all tasks was same and showed that the ASSR is modulated by the cognitive workload even in this condition. Thus, this is the first study that shows that the ASSR is modulated by internal cognitive workload change, not by a stimulus feature change. Further, we revealed gradual modulation of workload between tasks. ASSR increased strongly in the low workload condition and decreased according to the increasing workload. Our results for power showed a significant difference between the NL task and the N-back tasks; however, there was no significant difference between the N-back tasks. The results of this study clearly showed that the modulation of workload is reflected in the PLI of the ASSR gradually, suggesting the possibility that the PLI of the ASSR could be an index of the amount of workload in the brain. Previous MEG and MRI studies reported that ASSR is evoked by auditory stimuli, and their source has been mainly localized in the primary auditory cortex (Engelien et al., 2000; Gutschalk et al., 1999; Herdman et al., 2002; Kuriki et al., 1995; Pantev et al., 1996; Weisz et al., 2004) . In this study, we used MEG for investigating the relationship between the cognitive workload and ASSR in detail. Our results showed that the SNR of PLI in the right and left regions was significantly higher than in others. Thus, the activities of these regions possibly reflect the activation of the temporal lobe containing the auditory cortex. However, statistical analysis showed that there was no significant interaction between the regions and the task difficulties. This result suggests the possibility that the SNRs of PLI in the regions that are other than right and left areas also have information relating to the cognitive workload. Our source localization results support this assumption, as there are high-PLI areas in the region including not only the auditory cortex but also the frontal, parietal, and occipital cortices (Fig. 9) .
It is unlikely that the ASSR directly reflects the neural activities relating to the memory task. The brain processes different functions in different regions, and therefore, the processing of working memory with the visual stimuli must be done in the cortices other than the auditory cortex. In the present study, there was no direct interaction between the NL and N-back tasks and the auditory stimulus. Therefore, there is no interactive connection caused by the experimental procedure between the cortices related to the NL and N-back tasks and the auditory cortex. A previous study also reported that the ASSR was modulated in accordance with the changes in the difficulty of the visuo-spatial task (Roth et al., 2013) . This study suggested that a brain network that involves the visual cognitive processing overlaps the auditory processing circuit. As a result, auditory function unrelated to the task was suppressed owing to the facilitation of the visual cognitive processing. The results of our study suggest a similar overlap between the auditory processing circuit and working memory-processing circuit. The overlapped network would be a bottleneck for information processing in the brain and therefore, working memory processing influences the auditory processing. A previous neuroimaging study using an N-back task with fMRI showed significant activations in the frontal and parietal regions (Harvey et al., 2005) . A metaanalysis of neuroimaging N-back working memory studies also reported that several cortical regions including the prefrontal and parietal lobes were related to N-back task performance (Owen et al., 2005) . Our source analysis supports the overlapped network between auditory processing of auditory stimuli and working memory processing of the N-back task.
We can consider the two interpretations of the low PLI. The first interpretation is that the auditory cortex responds to the auditory stimuli in variable intervals. The second interpretation is the induction of non-phase-locked gamma activity by auditory stimuli. A previous study (Tallon-Baudry et al., 1996) showed that visual stimuli induce gamma activity that is not only phase-locked but also non-phase-locked to the stimuli. If the non-phase-locked gamma activity, including that at 40 Hz, increases, the PLI of the ASSR decreases. Currently, we do not have sufficient evidence to conclusively support one of these hypotheses over the other; however, these mechanistic considerations do not affect our finding that the ASSR is useful to estimate the cognitive workload resulting from brain activity.
In this study, we focused on the ASSR modulation caused by the whole tasks and succeeded in showing that the workload caused by the tasks affects the ASSR. However, it is possible that the workload changes between the trials in a task. Moreover, the workload should be changed even within a trial. In future work, we will investigate the ASSR modulation within a trial and between trials.
